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1. INTRODUCTION
Ethenobases
1 arise from the reactions of electrophiles derived
from vinyl halides and other vinyl monomers, including chlor-
oacetaldehyde, with dC, dA, and dG in DNA.
2 9 These lesions
also arise from endogenous exposures to lipid peroxidation
products,
10 particularly 4,5-epoxy-2(E)-decanal
11,12 and 4-hydro-
peroxynonenal.
13 Related etheno adducts from 4-oxo-2(E)-
nonenal,
14,154-oxohexenal,
16and9,12-dioxo-10(E)-dodecanoic
acid
17 have also been characterized.
15,17 The 1,N
2-ethenodeoxy-
guanosine (1,N
2-εdG) adduct
18 (Chart 1) is one of two εdG
lesions, the other being the N
2,3-εdG adduct. Formation of 1,
N
2-εdG proceeds via a Schiﬀ base intermediate involving N
2-dG
and the 2-haloacetaldehyde and subsequent nucleophilic attack
byN1-dGatthemethylenecarbon.
19,20The1,N
2-εdGlesionhas
been detected in DNA treated with vinyl chloride metabolites
21
and β-carotene oxidation products.
22 It has been isolated using
immunohistochemistry
23 and identiﬁedby mass spectrometry in
liver DNA of rodents.
24 27
The 1,N
2-εdG lesion blocks the Watson Crick face of dG
and is anticipated to be mutagenic. Consistent with this expecta-
tion, Langou€ et et al.
28 reported that insertion of bacteriophage
M13MB19 site-speciﬁcally modiﬁed with 1,N
2-εdG into
uvrA
  Escherichia coli yielded 2% G f A, 0.7% G f T,
and 0.1% G f C mutations. In Chinese hamster ovary cells, 1,
N
2-εdG induced mutations at levels estimated at 4 8%.
29
Chart 1. Nucleotide Numbering Scheme of the 1,N
2-εdG3
AModiﬁedDuplex(A)andStructureandNumberingScheme
for 1,N
2-εdG, Which Diﬀers from That of dG (B)
a
aX represents 1,N
2-εdG. The imidazole proton of 1,N
2-εdG is desig-
nated as H2, corresponding to the H8 proton in guanine.
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ABSTRACT: The oligodeoxynucleotide 50-CGCATX-
GAATCC-30
350-GGATTCAATGCG-30 containing 1,N
2-ethe-
no-20-deoxyguanosine (1,N
2-εdG) opposite deoxyadenosine
(named the 1,N
2-εdG3dA duplex) models the mismatched
adenine product associated with error-prone bypass of 1,N
2-
εdG by the Sulfolobus solfataricus P2 DNA polymerase IV
(Dpo4) and by Escherichia coli polymerases pol I exo
  and
pol II exo
 . At pH 5.2, the Tm of this duplex was increased by
3Cascomparedtotheduplexinwhichthe1,N
2-εdGlesionisoppositedC,anditwasincreasedby2Ccomparedtotheduplexin
whichguanineisoppositedA(thedG3dAduplex).AstrongNOEbetweenthe1,N
2-εdGimidazoleprotonandtheanomericproton
of theattacheddeoxyribose,accompaniedbystrong NOEs totheminorgrooveA
20H2proton and themismatched A
19H2proton
fromthecomplementarystrand,establishthat1,N
2-εdGrotatedabouttheglycosylbondfromtheantitothesynconformation.The
etheno moiety was placed into the major groove. This resulted in NOEs between the etheno protons and T
5 CH3. A strong NOE
between A
20 H2 and A
19 H2 protons established that A
19, opposite to 1,N
2-εdG, adopted the anti conformation and was directed
toward the helix. The downﬁeld shifts of the A
19 amino protons suggested protonation of dA. Thus, the protonated 1,N
2-εdG3dA
base pair was stabilized by hydrogen bonds between 1,N
2-εdG N1 and A
19 N1H
þ and between 1,N
2-εdG O
9 and A
19 N
6H. The
broad imino proton resonances for the 50- and 30-ﬂanking bases suggested that both neighboring base pairs were perturbed. The
increased stability of the 1,N
2-εdG3dA base pair, compared to that of the 1,N
2-εdG3dC base pair, correlated with the mismatch
adenine product observed during the bypass of 1,N
2-εdG by the Dpo4 polymerase, suggesting that stabilization of this mismatch
may be signiﬁcant with regard to the biological processing of 1,N
2-εdG.1072 dx.doi.org/10.1021/tx200089v |Chem. Res. Toxicol. 2011, 24, 1071–1079
Chemical Research in Toxicology ARTICLE
The insertion of 1,N
2-εdG into a 30-G(1,N
2-εdG)TACT-50
template and its replication by the Sulfolobus solfataricus P2
DNA polymerase IV (Dpo4) was reported by Zang et al.
30
They showed that dATP was preferentially incorporated
opposite 1,N
2-εdG. Analyses of binary and ternary complexes
with the Dpo4 polymerase
30 suggested that this occurred via
the formation of a “Type II” complex at the active site, in
whichtheincomingdATPpairedwiththe50-neighboringTof
the template strand, as opposed to 1,N
2-εdG.
31 Relaxation of
the “Type II” complex followed by extension presumably led
to the full length 50-AATGA-30 product,
30 which if not
recognized by mismatch repair, would ultimately yield a
G f T transversion (Scheme 1).
Duplexes containing 1,N
2-εdG opposite dC were structurally
characterized.
32 34 When 1,N
2-εdG was placed opposite dC in
the 30-G(1,N
2-εdG)T-50 sequence, it existed as an equilibrium
mixture of syn and anti conformers about the glycosyl bond.
33,34
In the anti conformation 1,N
2-εdG was inserted into the duplex
but was shifted toward the minor groove as compared to dG in a
Watson CrickC3Gbasepair.Thecomplementarycytosinewas
displaced.
34 Protonation of dC allowed Hoogsteen pairing when
1,N
2-εdG was in the syn conformation and placed the etheno
moiety into the major groove.
33 In the 30-G(1,N
2-εdG)T-50
sequence, a second conformational equilibrium was observed,
in which the modiﬁed base pair and its 30-neighboring G3C base
pair formed tandem Hoogsteen pairs. Zaliznyak et al.
32 also
reported a anti/syn equilibrium for 1,N
2-εdG in the 30-C(1,N
2-
εdG)C-50 sequence when placed complementary to dC.
Presently, we have examined 1,N
2-εdG opposite dA in
50-d(CGCATXGAATCC)-30
3 50-d(GGATTCAATGCG)-30
(X=1,N
2-εdG)containingthe30-G(1,N
2-εdG)TAC-50 template.
30
This is referred to as the 1,N
2-εdG3dA duplex (Chart 1). It
models the putative situation following incorporation of dATP
opposite the template 50-neighbor T, as opposed to 1,N
2-εdG,
30
followed by relaxation of the “Type II” complex
31 and extension,
which would result in the mis-insertion of dATP opposite 1,N
2-
εdG. The data reveal a pH-dependent conformational transition
of 1,N
2-εdG. At pH 5.2, the 1,N
2-εdG3dA base pair exhibits a
higher Tm than does the 1,N
2-εdG3dC base pair. Moreover, the
1,N
2-εdG3dA base pair is more stable than is the dG3dA base
pair.The1,N
2-εdGbaserotatesabouttheglycosylbondfromthe
anti to the syn conformation at pH 5.2. This places the 1,N
2-εdG
etheno moiety into the major groove. The chemical shifts of the
N
6-dA amino protons suggest that it undergoes protonation at
N1, forming a 1,N
2-εdG3dA base pair stabilized by two
hydrogen bonds. The increased stability of 1,N
2-εdG opposite
dA correlates with the 50-AATGA-30 primer product observed
during the bypass of 1,N
2-εdG by the Dpo4 polymerase.
30 The
stability of this mismatched dA may impact the biological
processing of 1,N
2-εdG.
2. MATERIALS AND METHODS
2.1. Sample Preparation. The oligodeoxynucleotides 50-d-
(CGCATGGAATCC)-30 and 50-d(GGATTCCATGCG)-30 were syn-
thesized and purified by anion-exchange chromatography by the Mid-
land Certified Reagent Company (Midland, TX). The 1,N
2-εdG con-
taining oligodeoxynucleotide 50-d(CGCATXGAATCC)-30 (X = 1,N
2-
εdG) was synthesized, purified, and characterized as previously
described.
34,35 Oligodeoxynucleotide concentrations were deter-
mined from UV absorbance using calculated extension coefficients
at 260 nm.
36
2.2. Thermal Melting (Tm) Studies. Experiments were con-
ducted using a Cary 100 Bio UV vis spectrophotometer (Varian
Associates, Palo Alto, CA). The 1,N
2-εdG-modified strand and mis-
matched dA-containing complementary strand were mixed in a 1:1
molar ratio, in aqueous solution, at room temperature. The duplex was
eluted from DNA grade Biogel hydroxylapatite (Bio-Rad Laboratories,
Richmond,CA)toremoveexcesssinglestrand,usingagradientfrom10
to 100 mM NaH2PO4 buffer at pH 7.0. It was desalted using Sephadex
G-25. Samples contained 0.3 A260 units of duplex in 1 mL of buffer
containing10mMNaH2PO4,100mMNaCl,and5μMEDTA(pH5.2)
ina1.0cmcuvette.TheUVabsorbanceat260nmwasrecordedat1min
intervals with a temperature gradient of 2.5 C/min. The temperature
was cycled between 15 and 70 C. The Tm value was determined from
the first derivative of the melting curves.
2.3. NMR. Samples were dissolved to a duplex concentration of
0.5 mM in 500 μL of buffer containing 10 mM NaH2PO4, 100 mM
NaCl, and5 μMN a 2EDTA (pH 5.2; uncorrected fordeuterium isotope
effects). For the observation of nonexchangeable protons, samples were
exchanged with D2O and suspended in 500 μL of 99.99% D2O. For the
observation of exchangeable protons, samples were dissolved to a
concentration of 0.5 mM in 500 μL of buffer containing 10 mM
NaH2PO4, 100 mM NaCl, and 5 μMN a 2EDTA (pH 5.2) 9:1 H2O/
D2O (v/v). The pH was adjusted by titration with DCl. Chemical shifts
of the proton resonances were referenced to water. NMR spectra were
recordedat600MHz.Foreacht1incrementof
1HNOESYexperiments
in D2O, 32 scans were averaged with presaturation of the HDO
resonance. Spectra were recorded consecutively using TPPI phase
cycling with mixing times of 70, 150, 200, and 250 ms. These were
recorded with 2048 complex points in the acquisition dimension and
1024 real data points in the indirect dimension covering 9615.385 Hz.
Scheme 1. Potential Mechanisms of the Misincorporation of dATP Opposite 1,N
2-εdG during Error-Prone Trans-Lesion
Replication
a
a(A) “Type II” mechanism proposed for the misincorporation of dATP by the Dpo4 polymerase. (B) Direct incorporation of dATP opposite the 1,
N
2-εdG lesion. X represents the 1,N
2-εdG lesion.1073 dx.doi.org/10.1021/tx200089v |Chem. Res. Toxicol. 2011, 24, 1071–1079
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The relaxation delay was 1.5 s. The data in the d2 dimension were zero-
filled to give a matrix of 2K   2K real points. NOESY spectra for the
observation of exchangeable protons were recorded in 9:1 H2O/D2O
(v/v), using the Watergate pulse sequence
37 for water suppression. The
spectra, consisting of 128 transients, were obtained with a cryogenic
probe using States-TPPI phase cycling with a mixing time of 250 ms. A
squared sine-bell with 72 shift apodization was applied in the d1
dimension while cosine-squared bell apodization was applied in the d2
dimension. A total of 1536 real data points in the d1 dimension and 512
points in the d2 dimension were acquired. Chemical shifts of proton
resonances were referenced to water. NMR data were processed on
Silicon Graphics Octane workstations and assigned using FELIX2000
(Accelrys, San Diego, CA).
3. RESULTS
3.1. Characterization of the 1,N
2-εdG3dA Duplex. The 1,
N
2-εdG-containing oligodeoxynucleotide was characterized
by mass spectrometry and enzymatic digestion as previously
described.
33 The 1,N
2-εdG3dA duplex was also analyzed using
CGEandC-18HPLC.Boththetechniquesyieldedtwopeaks,of
equal intensities, corresponding to the 1,N
2-εdG-modified and
complementary strands.
3.2. Stability of the 1,N
2-εdG3A Duplex. When dG was
mismatched with dA (dG3dA), the 50-CGCATGGAATCC-
30
350-GGATTCAATGCG-30 duplex showed a Tm that was
12 C less (∼41 C) than that of the corresponding duplex
containing the dG3dC base pair, which was 53 C. Introduc-
tion of 1,N
2-εdG opposite dA (1,N
2-εdG3dA) showed a
modest increase in Tm,f r o m4 1t o4 3C, as compared to that
of the dG3dAduplex. ButtheTm of the duplex containing the
1,N
2-εdG3dC base pair was 40 C. Thus, the 1,N
2-εdG3dA
duplexwasmorestablethanthe1,N
2-εdG3dCduplexandless
stable when compared to the dG3dC duplex under similar
conditions.
3.3. NMR of the 1,N
2-εdG3dA Duplex at pH 5.2. The
1H
NMR spectra of the duplex were dependent upon pH. At pH 5.2
and 7 C, the spectra exhibited reasonably sharp
1H resonances,
albeit withspectralbroadeningproximatetoX
6.Six COSY peaks
accountedforallcytosineH5 H6scalarcouplingsoftheduplex.
Accordingly, characterization was carried out at pH 5.2 and at
7 C. The NMR spectra were not of sufficient quality to enable
the measurement of distance and torsion angle restraints
required to refine the solution structure of the 1,N
2-εdG3dA
duplex.
3.3.1. Nonexchangeable Protons. The nonexchangeable
DNA protons were assigned using standard protocols.
38,39 An
expanded plot of NOE sequential connectivity between the
nucleobaseandthedeoxyriboseH10 protonsisshowninFigure1.
OnlyonesetofNOEresonanceswasobservedfor1,N
2-εdGand
other nucleotides. The anticipated sequential NOE connectivity
between base aromatic and deoxyribose anomeric protons was
interrupted in both the modified and complementary strands. In
the modified strand, the A
4 H10 f T
5 H6 and T
5 H6 f T
5 H10
NOEs were weak. The T
5 H10 f X
6 H2 NOE was missing
(Figure 1A; note that the X
6 imidazole proton is designated as
H2). The intensity of the X
6 H10 f X
6 H2 NOE was exception-
ally strong. This NOE remained present in the spectrum
recorded at 70 ms mixing time, characteristic of the syn con-
formation about the glycosyl bond(Figure 2).The X
6H10 fG
7
H8NOEwasweak.TheG
7H8fG
7H10 andG
7H10 fA
8H10
NOEs were missing (Figure 1, left panel). Proceeding in the 30-
direction from the A
8 H8 f A
8 H10 NOE, the NOESY
connectivity continued uninterrupted to the 30 terminus of the
modified strand. In the complementary strand, the T
17 H10 f
C
18 H8 and C
18 H8 f C
18 H10 NOEs were broad and over-
lapped (Figure 1, right panel). The sequential connectivity was
interrupted between C
18 H10 and A
19 H8. The A
19 H10 and A
20
H10 resonances overlapped. As a result, the intensities of the A
19
H10 f A
20 H8 NOEs could not be determined with certainty.
Proceedinginthe30-directionfromtheA
20H8fA
20H10 NOE,
the NOE connectivity continued uninterrupted to the 30 termi-
nus of the modified strand (Figure 1, right panel).
Characteristic NOEs for B-type DNA were identiﬁed, except
betweenT
5andA
8andbetweentheC
18andA
20nucleotides.For
example, the sequential NOEs between aromatic base proton
and 30-neighbor cytosine H5 protons, G
2 H8 f C
3 H5, T
10
H6 f C
11 H5, C
11 H6 f C
12 H5, T
17 H6 f C
18 H5, and G
22
H8fC
23H5(peaksA,B,andC,Figure1(leftpanel)andDand
E, Figure 1 (right panel), respectively), and NOEs between
adenine H2 proton and 30-neighbor H10 protons, A
4 H2 f T
5
H10,A
8H2fA
9H10,A
9H2fT
10H10,A
15H2fT
16H10,and
A
20H2fT
21H10 (peaksF,G,andHFigure1(leftpanel),andI
Figure1. ExpansionoftheNOESYspectrum,showingthesequentialassignmentofNOEsbetweenpurineH8/pyrimidineH6andthedeoxyriboseH10
protons and the 30-neighbor deoxyribose H10 protons, for the 1,N
2-εdG3dA duplex. In the 1,N
2-εdG-modiﬁed strand (left panel), interruptions are
observed at X
6, where the T
5 H10 f X
6 H2 and G
7 H8 f G
7 H10 NOEs are missing. In the complementary strand (right panel), no interruptions are
observedinthesequentialNOEs.AweakNOEisobservedbetweenC
18H10 andA
19H8atalowerthresholdlevel.Labeledpeaks:A,G
2H8fC
3H5;B,
T
10H6fC
11H5;C,C
11H6fC
12H5;D,T
17H6fC
18H5;E,G
22H8fC
23H5;F,A
4H2fT
5H10;G,A
8H2fA
9H10;H,A
9H2fT
10H10;I,
A
15 H2 f T
16 H10; and J, A
20 H2 f T
21 H10. The spectrum was recorded at 250 ms mixing time at 25 C.1074 dx.doi.org/10.1021/tx200089v |Chem. Res. Toxicol. 2011, 24, 1071–1079
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and J, Figure 1 (right panel), respectively), were observed. The
sequential A
19 H2 f A
20 H10 NOE was weak (not observed at
the contour level plotted in Figure 1). Similarly, all intranucleo-
tide NOEs between adenine H2 and deoxyribose H10 protons,
A
4H2fA
4H10,A
8H2fA
8H10,A
9H2fA
9H10,andA
15H2
fA
15H10,wereobservedexceptforA
20H2fA
20H10,whichis
the ﬂanking base to the adduct. The A
19 H2 f A
19 H10 NOE
overlappedwithA
19H2fA
20H10 NOE(Figure1,rightpanel).
The complete resonance assignment of nonexchangeable pro-
tons is tabulated in Table S1 of the Supporting Information.
The assignments ofthe adenineH2resonances were based on
theassignment ofNOEs between theadenine H2andthe H10 of
the attached deoxyribose and H10 of the 30-neighbor deoxyr-
ibose. Two additional strong NOEs were observed, involving
50 f 30 NOEs between aromatic base protons of purines and
pyrimidines(Figure3).ThesewereassignedtoX
6H2fA
20H2
and X
6 H2 f A
19 H2 protons (Figure 3).
3.3.2. Exchangeable Protons. The spectrum of the imino
proton resonance region is shown in Figure 4A. Five resonances
for thymine imino protons, T
5 N3H, T
10 N3H, T
16 N3H, T
17
N3H, and T
21 N3H, and four for guanine imino protons, G
2
N1H,G
7N1H,G
14N1H,andG
22N1H,wereobservedbetween
13.8 and 13.2 ppm andbetween13.1 and 11.5 ppm, respectively.
Note that 1,N
2-εdG lacks an imino proton. The G
7 N1H and T
5
N3H resonances were broad. The imino protons of the two ter-
minal base pairs were not observed, presumably due to exchange
with water. The imino protons were assigned from NOEs
between adjacent base pairs and between their corresponding
base-pairedN
4-dCaminoandH2-dAprotons.
40Theassignment
of all H2-dA protons allowed for the identification of the dA3dT
base pairs (Figure 4B and C). Similarly, the assignment of all
N
4-dC amino protons, observed from their intranucleotide
NOEs to the H5-dC protons, detected in the 250 ms mixing
time spectrum, allowed for the identification of the dG3dC base
pairs, except C
18 (Figure 4B). The G
7 N1H assignment was
supported by the finding of the 1,N
2-εdG (syn)3dC (anti) base
pair in the same 50-TXG-30 sequence at pH 5.2. The T
5 N3H
protons showed two additional NOE cross-peaks between them
(Figure4C),whichwereattributedtoexchangepeaksarisingbetween
multiple conformers of T
5. One exchange resonance was separated
and the other resonance, observed within the broad resonance of G
7
N1H, was close to the diagonal (Figure 4C). The sequential NOE
Figure 3. Expansion of the NOESY spectrum collected at 250 ms
mixing time showing the two additional cross-peaks that were assigned
toX
6H2fA
19H2andX
6H2fA
20H2NOEs.Thecontourthreshold
levelofthisspectrumwasincreased0.5 ,comparedtoFigure2,tomake
the cross-peaks stand out.
Figure2. ExpansionoftheNOESYspectrum,collectedat70msmixing
time, showing the NOE connectivity between X
6 H2 and X
6 H10
protons.
Figure 4. (A) Imino proton region of the NMR spectrum recorded in
9:1 H2O:D2Oa t5C. (B)An expanded NOESY spectrum showing the
sequential NOEsfrom the imino protons to the cytosine aminoprotons
and adenine H2 protons. Labeled NOEs are a,a0,G
2 N1H f C
23 N
4H,
h/n);b,b0,G
22N1HfC
3N
4H,h/n;c,c0,G
14N1HfC
11N
4H,h/n;d,
G
7 N1H f C
18 N
4H, h (or) n; e, T
21 N3H f A
4 H2; f, T
5 N3H f A
20
H2;g,T
17N3HfA
8H2;h,T
16N3HfA
9H2;i,T
10N3HfA
15H2.
(C) An expanded NOESY spectrum showing the sequential NOEs
between the imino protons. The data were collected at 600 MHz at
250 ms mixing time and at 5 C.1075 dx.doi.org/10.1021/tx200089v |Chem. Res. Toxicol. 2011, 24, 1071–1079
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cross-peaks were observed for base pairs G
2
3C
23,C
3
3G
22,A
4
3T
21
and T
5
3A
20, which are located in the 50-direction from the 1,N
2-εdG
adduct (Figure 4C). Likewise, sequential NOE connectivity was
observedbetweenbasepairsA
8
3T
17,A
9
3T
16,T
10
3A
15,andC
11
3G
14,
whicharelocatedinthe30-directionfromthe1,N
2-εdGadduct.Thus,
the sequential NOE connectivity was interrupted from T
5
3A
20 to
A
8
3T
17 base pairs. The complete set of imino proton assignments is
tabulated in Table S2 of the Supporting Information.
Figure5showstwoadditionalresonancesat8.7and10.1ppm,
which were assigned to the amino protons of protonated A
19,
complementary to 1,N
2-εdG, at pH 5.2. These disappeared at
pH 7.0. The resonance at 10.1 ppm was assigned to the A
19
hydrogen-bonded amino proton, while the resonance at 8.7
ppm was assigned to the A
19 non-hydrogen-bonded amino
proton. ANOEwas observed betweenthese two amino protons,
and weak NOEs were identiﬁed between the amino protons and
its 50-neighbor C
18 H5 proton (Figure 5). No other NOEs were
observed for the A
19 amino protons, presumably due to the
disorder of the neighboring base pairs.
3.3.3. Etheno Protons. A tile plot of the NOESY spectrum
recordedat250msmixingtime(Figure6)showstheassignment
of the etheno protons and also NOEs between the etheno
protons and nonexchangeable DNA protons. The H6 and H7
etheno proton resonances were identified from spectra recorded
at70and250ms,inwhichsimilarintensityNOEswereobserved
between 7.26 and 7.32 ppm (Figure 6, peak a). Similar chemical
shifts for the etheno protons were observed for 1,N
2-εdG (syn)3
C( anti) base pairs inserted into the same duplex at pH 5.2
(Table 1). In the latter case, the etheno H6 and H7 resonances
weredegenerateat7.33ppm.FiveNOEswereobservedbetween
the etheno and DNA protons and all involved NOEs with
50-neighbor T
5. Strong NOEs were observed between X
6 H6/H7
and T
5 CH3 protons (Figure 6, peak c and f). Three weak NOEs
were assigned to X
6 H7/H6 and the T
5 H6 and H20 protons, in
which one of the NOEs X
6 H7/H6 f T
5 H20 was overlapped
with X
6 H7/H6 f T
5 CH3 (Figure 6, peak e and f).
3.4. Chemical Shifts of Etheno Protons. Table 1 compiles
chemicalshiftsoftheethenoprotonsinthe1,N
2-εdG3dAduplex
at pH 5.2 in comparison with a series of related duplexes. The
chemicalshiftsoftheethenoprotonsinthe1,N
2-εdG3dAduplex
were similar to those in the 1,N
2-εdG3dC duplex. The reso-
nances of the etheno protons shifted downfield compared to the
1,N
2-εdG3C and 1,N
2-εdG-1BD duplexes at pH 8.6 and 7.0,
respectively,where1,N
2-εdGadoptedtheanticonformationand
was accommodated in an intrahelical orientation.
4. DISCUSSION
The 1,N
2-εdG adduct prevents Watson Crick hydrogen
bonding. Not surprisingly, the replicative polymerase pol δ is
blocked by 1,N
2-εdG.
41 1,N
2-εdG is mutagenic in E. coli, indu-
cing 0.7% G f T transversions,
28 and in mammalian cells.
29
Zang et al.
30 characterized the bypass of 1,N
2-εdG using
the Dpo4 polymerase and showed that it preferentially in-
corporates dATP when challenged by the template sequence
30-G(1,N
2-εdG)TAC-50; a one-base deletion was also observed.
Zang et al.
30 proposed that these outcomes occur via the
formation of a “Type II” complex at the active site, in which
the incoming dATP pairs with the template 50-neighbor T, as
opposedto1,N
2-εdG.
31Relaxationandfurtherextensionleadsto
a duplex containing the 1,N
2-edG3A mismatch,
30 which if not
corrected, would ultimately yield a G f T transversion. If
relaxation of the “Type II” complex does not occur, further
Figure 5. Expanded region of the NOESY spectrum showing the
downﬁeld shifts of A
19 (complementary to X
6) amino proton reso-
nances compared to other adenine amino protons in the duplex and an
NOE between the corresponding amino protons. These resonances are
observed at 8.66 and 10.07 ppm. The downﬁeld chemical shifts of the
A
19aminoprotonsarecharacteristicofpairingatX
6
3A
19basepairs.The
spectrum was recorded in 9:1 H2O:D2Oa t5C.
Figure 6. Expanded NOESY spectrum (tile plot) showing the assign-
ment of the H6 and H7 etheno protons and NOEs between the etheno
and DNA protons. The spectrum was recorded at 7 C with 250 ms
mixingtime.Cross-peaks:a,X
6H7fX
6H6;b,X
6H7/H6fT
5H6;c,
X
6H7/H6fT
5CH3;d,X
6H7/H6fT
5H20;e,X
6H7/H6fT
5H20;
f, X
6 H7/H6 f T
5 CH3. The contour threshold level of the bottom
panel was increased by 0.3 , compared to other panels, to show the
NOE cross-peak X
6 H7 f X
6 H6 (peak a) more clearly.1076 dx.doi.org/10.1021/tx200089v |Chem. Res. Toxicol. 2011, 24, 1071–1079
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extensionyieldsthe 1deletionproduct.
30Itwasthusofinterest
toexaminethe1,N
2-εdG3Amismatch,theputativeintermedi-
atethatwouldleadtoGf Ttransversionswhen1,N
2-εdGis
bypassed by the Dpo4 polymerase.
30
4.1. Stability of the 1,N
2-εdG3A Duplex.At pH 5.2, mispair-
ing of dA opposite 1,N
2-εdG increased the Tm as compared to
the 1,N
2-εdG3C base pair (43 vs 40 C). Moreover, the Tm of
the 1,N
2-εdG3A duplex is 2 C higher than that of the dG3dA
duplex. These data correlate with the ability of the Dpo4
polymerase to incorporate dATP opposite 1,N
2-εdG in the 30-
G(1,N
2-εdG)TAC-50 template, leading either to a 50-CAATG-30
primer extension product or to the 50-CATG-30 deletion
product.
30 Both outcomes are consistent with the structural data
that suggests that this polymerase favors using the 50-neighbor
thymine (underlined) to incorporate dATP via a Type II
complex.
31 The overall misinsertion of dATP
30 may result from
relaxation of the initially formed Type II complex to the 1,N
2-
εdG3Amismatch followed by extension. Incorporation of dATP
also predominates during the bypass of 1,N
2-εdG by E. coli
polymerases pol I exo
  and pol II exo
  using a 50-TXT-30 damaged
template, also containing the template 50-neighbor T.
42 Other
polymerases, however, may use different mechanisms to bypass
the lesion. Human polymerase η preferentially incorporates
dGTP, irrespective of the identity of the base 50 to 1,N
2-εdG
in the template.
41 The human polymerases ι and k show similar
rates of incorporation of dTTP and dCTP.
41
4.2. Glycosyl Torsion Angle of 1,N
2-εdG at pH 5.2.When 1,
N
2-εdG is mismatched with dA in the 50-TXG-30 sequence, the
NMRspectrumisdependentuponpH,suggestingthat1,N
2-εdG
equilibratesbetweenconformations,similartothe1,N
2-εdG3dC
base pair.
32 34 At pH 5.2, one conformation predominates, and
1,N
2-εdG adopts the syn conformation about the glycosyl bond.
The strong X
6 H2 f X
6 H10 NOE and the observation that it
remainspresentat70msNOEmixingtimeprovidesevidencefor
the syn conformation. This is corroborated by the failure to
observe a NOE between the X
6 H2 proton and the 50-neighbor
H10 proton, which would be consistent with the increase in
distance between those protons. The syn conformation of the
glycosyl bond also places the X
6 N5 amino proton (Chart 1) in
the major groove and exposed to water, which is consistent with
the failure to observe it. Furthermore, in the complementary
strand, both the A
19 and A
20 H2 protons provide markers for
monitoring the conformational change from the X
6(anti)3A
19-
(anti) alignment to the X
6(syn)3A
19(anti) alignment. The ap-
pearanceofstrongNOEsbetweenX
6H2andtheA
19andA
20H2
protonsisconsistentwiththesynandtheanticonformationsof1,
N
2-εdG and the mismatched dA, respectively (Figure 3). The
etheno protons also provide markers for monitoring the con-
formational change from the anti to the syn conformations. The
etheno proton chemical shifts remain unaltered compared to
when 1,N
2-εdG is placed opposite dC at pH 5.2. In that case,
1,N
2-εdG adopted the syn conformation and is placed into the
major groove.
33 At pH 5.2, the X
6 H6 and H7 resonances shift
downfield compared to when 1,N
2-εdG is placed opposite dC at
pH8.6(Table1).Inthelatterinstance,1,N
2-εdGadoptstheanti
conformation and is inserted into the duplex.
34 In the anti
conformation, 1,N
2-εdG shifts toward the minor groove, redu-
cing stacking interactions experienced by the etheno moiety,
whereas in the syn conformation, 1,N
2-εdG shifts into the major
groove, and the etheno moiety is not stacked into the helix, thus
explaining the downfield shifts of the etheno proton resonances.
Strong NOEs between the etheno protons and the T
5 CH3
protons (Figure 6) suggest that the etheno moiety orients into
the major groove, placing the X
6 H2 proton into the minor
groove. The upfield shift of T
5 H6 (Figure 1, left panel) and H20
(Table S1 in the Supporting Information), compared to other
thymine H6 and H20 protons, correlates with the major groove
placement of the etheno moiety. This is attributed to the shield-
ing of 1,N
2-εG in the major groove orientation. The absence of
additional NOEs between 1,N
2-εdG etheno protons and DNA
protons further confirms the placement of the 1,N
2-εdG etheno
protons in the major groove. The syn orientation facilitates
protonation of A
19 N3, allowing the formation of the 1,
N
2-εdG3A base pair stabilized by Hoogsteen-like hydrogen
bonds between 1,N
2-εdG N1 and A
19 N1H
þ and between 1,
N
2-εdG O
9 and A
19 N
6H (Chart 2). The broadening of A
19
amino proton resonances suggests that these protons undergo
facileexchangewithwater.TheweakNOEbetweenG
7N1Hand
C
18 amino protons suggested that the Watson Crick hydrogen
bondingatthe30-neighborG
7
3C
18basepairwasintact(Figure4
B). This was consistent with the broadening of G
7 N1H imino
proton resonance (Figure 4A). An additional NOE between the
G
7 N1H imino proton at 12.4 ppm and a proton resonating at
11.9 ppm was observed (Figure 4C). This might be attributed to
a second conformational equilibrium allowing the formation of a
Hoogsteen pair at the 30-neighbor base pair G
7
3C
18. A similar
equilibrium at the 30-neighor base pair was observed for the
Table 1. Chemical Shift Comparison of the Etheno Protons of 1,N
2-εdG in Diﬀerent Oligodeoxynucleotide Duplexes
1,N
2-εdG3C Duplex 1,N
2-εdG-1BD duplex
c 1,N
2-εdG3A duplex
protons 1,N
2-εdG(anti)3C(anti) (pH 8.6)
a 1,N
2-εdG(syn)3C(anti) (pH 5.2)
b 1,N
2-εdG(anti) (pH 7.0) 1,N
2-εdG(syn)3A(anti) (pH 5.2)
H6 6.21 7.33 5.55 7.26
d
H7 6.54 7.33 5.84 7.32
d
aChemical shift values as reported.
34 bChemical shift values as reported.
33 cChemical shift values as reported.
47 dResonances were not assigned
unequivocally.
Chart 2. X
6
3A
19 Base Pair Showing the Two Hydrogen
BondsbetweenN1of1,N
2-εdGandN1ofA
19andbetweenO
9
of 1,N
2-εdG and N
6 of A
19 Bases
a
aSee Chart 1 for modiﬁed numbering for 1,N
2-εdG.1077 dx.doi.org/10.1021/tx200089v |Chem. Res. Toxicol. 2011, 24, 1071–1079
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duplex containing the PdG3dC base pair.
43 However, the broad-
ening of G
7 N1H imino proton resonance suggested that the
G
7
3C
18 base pair equilibrated between Watson Crick and the
Hoogsteen pairing, favoring the Watson Crick pair over the
Hoogsteen pair at pH 5.2. Similar downfield-shifted resonances
wereobservedforprotonatedadeninewhendAwasmismatched
with the trans-4-hydroxynonenal (HNE)-derived (6S,8R,11S)1 ,
N
2-dG adduct
44 in which the HNE-derived 1,N
2-dG adduct
adopted the syn conformation, and the HNE moiety was in the
major groove.
4.3. Flanking Base Pairs. The perturbation induced by the
insertion of the 1,N
2-εdG adduct opposite dA extends to its
neighboring base pairs. Both 50-neighbor T
5
3A
20 and 30-neigh-
bor G
7
3C
18 base pairs show broadening of the imino proton
resonances upon insertion of the 1,N
2-εdG3dA pair into the
50-TXG-30 sequence. The broad G
7 N1H and T
5 N3H imino
proton resonances suggest that these protons are in more rapid
exchange withwater (Figure 4A). Thisisalsoconsistent withthe
weak NOEs between the G
7 N1H imino proton and C
18 amino
protons,andtheT
5N3HiminoandA
20H2protons(Figure4B)
andthefailuretoobservetheX
6H2fT
5N1HandX
6H2fG
7
N1H NOEs. The weak NOE between the T
5 H6 and T
5 H10
protons,amissingNOEbetweentheG
7H6andG
7H10 protons,
and a weak NOE between the X
6 H10 and G
7 H8 protons are
also consistent with the perturbation of the flanking nucleotides.
This correlates with the thermal melting data in which the 1,
N
2-εdG3dAduplex exhibits a10 drop inTmas compared tothe
dG3dC duplex under similar conditions, but significantly, it
remains more stable than the 1,N
2-εdG3dC duplex. Since the
flankingbasepairsremaindisordered,ahigh-resolutionstructure
determination is not possible for this duplex in this sequence
context.
4.4. Comparisons with 1,N
2-Propano-20-deoxyguanosine
(PdG) Mismatched with dA. PdG provides an interesting
comparison to the 1,N
2-εdG adduct. Duplexes containing PdG3
dA base pairs have been characterized.
45,46 The 1,N
2-εdG3dA
base pair shows similarities to the PdG3dA base pair. For both,
the damaged nucleotide exhibits a transition from the anti to the
syn conformation about the glycosyl bond. The etheno or
propano moieties of 1,N
2-εdG and PdG, respectively, are placed
into the major groove. In both cases, the protonation of the
complementarydAallowsstabilization of1,N
2-εdG3dAorPdG3
dA base pairs by two hydrogen bonds (Chart 2). The etheno or
propano proton resonances, shift downfield, compared to their
resonances when these lesions adopt the anti conformation, and
their chemical shifts as compared to single strands or mono-
nucleotides, consistent with deshielding from neighboring base
pairs and the accommodation of 1,N
2-εdG and PdG in extra-
helical orientations.
4.5.MechanisticImplications.Thestabilityofthe1,N
2-εdG3A
mismatch as compared to that of the 1,N
2-εdG3C pair may be
significant with regard to the biological processing of 1,N
2-εdG.
This mismatch represents an intermediate in several potential
mechanisms of error-prone replication bypass. A mechanism
proposed by Zang et al.
30 suggests the formation of a “Type II”
complex at the Dpo4 polymerase active site, in which the
incoming dATP first pairs with the 50-neighboring template T,
as opposed to1,N
2-εdG (Scheme1). Relaxationof the “Type II”
complex to form the 1,N
2-εdG3A mismatch followed by exten-
sion leads to the full length 50-AATGA-30 product (Scheme 1),
which if not recognized by mismatch repair, would ultimately
yield a G f T transversion. Alternatively, if the “Type II”
complex does not relax to form the 1,N
2-εdG3A mismatch,
further extension would lead to a  1 frameshift event. The
duplex containing 1,N
2-εdG opposite a one-base deletion has
also been examined, and it also exhibits increased stability but
adopts the anti conformation of the 1,N
2-εdG glycosyl angle at
neutral pH,
47 compared to the duplex containing 1,N
2-εdG3C
base pair
33,34 in which 1,N
2-εdG exists in equilibrium between
the syn and the anti conformations. This may correlate with  1
base deletions when 1,N
2-εdG is bypassed by the Dpo4
polymerase.
30 Another possible mechanism for replication by-
pass involves direct misincorporation of dATP opposite 1,N
2-
εdG, followed by extension (Scheme 1). In any event, while
protonation at N1 dA and formation of the protonated 1,N
2-
εdG3A mismatch with dA in the syn conformation about the
glycosyl bond will decrease at physiological pH, it is antici-
pated that a small population of the protonated 1,N
2-εdG3A
mismatch would remain, consistent with the observation of
0.7% G f T transversions in E. coli.
28
5. CONCLUSIONS
When mismatched with dA in the 50-TXG-30 sequence at pH
5.2,1,N
2-εdGrotatesfromtheantitothesynconformationabout
the glycosyl bond, similar to 1,N
2-εdG opposite dC.
32,33 While
conformational exchange precludes detailed structural reﬁne-
ment, a population of the syn conformation seems likely to be
present at neutral pH. The duplex containing the 1,N
2-εdG3A
mismatch exhibits greater stability as compared to the 1,N
2-εdG3C
pair. This may, in part, explain the misincorporation of dATP by
the Dpo4 polymerase during error-prone bypass replication.
30 It
will be of interest to determine whether the 1,N
2-εdG (syn)3A
(anti) alignment also exists in the primer-template containing 1,
N
2-εdG opposite dA in complex with Y-family DNA poly-
merases.
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1,N
2-εdG, 3-(2-deoxy-β-D-erythro-pentofuranosyl)-3,4-dihydro-
9H-imidazo[1,2-a]purin-9-one or 1,N
2-etheno-20-deoxyguano-
sine;PdG, 1,N
2-propano-20-deoxyguanosine;NOE, nuclear Over-
hauser enhancement;NOESY, two-dimensional NOE spectroscopy;
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proportional phase increment. A right superscript refers to numerical
positionin the sequence starting from the 50-terminus of chainA and
proceeding to the 30-terminus of chain A and then from the 50-
terminus of chain B to the 30-terminus of chain B.
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